[1] Moored measurements of abyssal velocity and temperature are presented with a focus on episodic cold overflow events first observed by Lukas et al. (2001) in the Hawaii Ocean Time-series (HOT), a 23-year-long time series of ≈ monthly CTD profiles at station ALOHA (22.75°N, 158°W). Three major cold events were observed in our 2.5-year record, of which we present one in detail. The event appeared in two pulses spaced by about two weeks, wherein potential temperature anomaly was <−0.015°C over the bottom 600 m. Flow was about 10 cms −1 to the southwest, confirming earlier interpretations of the events as overflows from the Maui deep to the east. Between the two pulses, flow veered to the northwest, possibly associated with seiching. Speed decreased rapidly below the sill depth (≈4625) m, suggesting sheltering by the basin walls. The associated shear, even smoothed over 200 m and not including internal waves, was nearly unstable to Kelvin-Helmholtz instability. During this period, a large mixed region was observed wherein the lower 240 m was homogenized, remaining so for 14 hours (1.2 buoyancy periods). From Thorpe scale analysis, the implied diffusivity of the event was (0.5-4.5) × 10 −1 m 2 s −1 . No other overturning events greater than 50 m high were observed in the record, suggesting that abyssal mixing is strongly intermittent. We suggest that such intermittency in abyssal mixing and flow is likely the rule rather than the exception, calling for more highly temporally resolved observations. Citation: Alford,
Introduction
[2] The abyssal ocean was once envisioned as a nearly stagnant pool wherein deep water formed at higher latitude slowly upwells and is warmed by downward diffusion due to turbulence [Munk, 1966] , with a basin-averaged diffusivity of about K r = 10 −4 m 2 s −1 . Subsequent observations demonstrated not only that abyssal mixing is spatially variable [Polzin et al., 1997] , but that flow and mixing near sills and at "choke points" such as deep fracture zones and canyons can be quite vigorous as well as strongly intermittent [Ferron et al., 1998; Thurnherr et al., 2005; MacKinnon et al., 2008] . How do the strongly spatially and temporally inhomogeneous flow and mixing fields accomplish the basin-averaged mixing required to maintain the abyssal stratification? What are the relative contributions to the mixing of these deep turbulent flows and breaking internal waves?
[3] With these questions in mind, we examine recent data from station ALOHA (Figure 1) , which is about 100 km west of a sill between the Maui and Kauai deeps. Inferences from tracers [Edmond et al., 1971; Mantyla and Reid, 1983] indicate that Antarctic bottom water flows past the site on its way into the north Pacific after transiting the Samoan Passage. Many instances of episodic cold events have been observed there [Lukas et al., 2001] (henceforth L01), where bottom potential temperature dropped rapidly several hundredths of a degree. In monthly cruises, the onset of the events appears generally quite sudden (often occurring between CTD casts separated by only three days), but the recovery usually takes months. L01 used a one-dimensional advection-diffusion model to infer vertical diffusivities of O(10 −3 ) m 2 s −1 . Since the events were too cold and salty to have come from below ALOHA or from the west, L01 interpreted them as overflows from the adjacent Maui deep (Figure 1 ), hypothesizing that baroclinic Rossby waves, among other mechanisms, might provide the energy needed for the events to transit the sill.
[4] Here we report observations of temperature and velocity from two moorings deployed for two and a half years. The measurements build on the work of L01 in several regards; first, they are sampled much faster, allowing much better assessment of the timescales of the events. Second, velocity was measured from 50-500 meters above the bottom for about 4 months, spanning a very strong event. The concurrent velocity measurements, which indicate southwestward flow during the event, support the interpretation of the events as overflows from Maui Deep, and also allow identification of strong mean shears below these flows. The rapidly sampled temperature and velocity support the hypothesis that observed temperature changes result from overflows that subsequently fill the basin and upwell past the mooring, also as posited by L01. Finally, the data allow identification of well-mixed and overturning regions, which are used to bound the diapycnal mixing occurring. The estimates are in agreement with those estimated by L01, but raise important questions regarding the mechanisms and timescales of abyssal mixing.
Observations and Methods
[5] Station ALOHA is defined by the 10 km radius circle centered on 22°45′N, 158°W, on the northern slope of the ≈4950-m-deep Kauai Deep (Figure 1, top left) . The site is more than one baroclinic Rossby radius (≈45 km) away from significant topographic features such as the Hawaiian Ridge and the Oahu Seamounts. It is separated from the adjacent Maui deep to the east by a complicated sill region with a depth near 4625 m, deeper than estimated by L01.
[6] On average, ten cruises per year have been conducted to ALOHA as part of the Hawaii Ocean Time-series (HOT), with a variety of shipboard measurements being made. A Sea-Bird 9/11+ CTD system with dual sensor systems, mounted in a water-sampling rosette, is used to obtain WOCE-quality hydrographic observations. Typically, a fulldepth CTD cast is made early in the three-day long occupation of ALOHA. When time allows, a second deep cast is made near the end.
[7] Two moored thermistor chain time series were recently collected at station ALOHA (Figure 1, bottom) . The University of Hawaii ALOHA Cabled Observatory (UH-ACO) mooring spanned December 2008-July 2010, and consisted of ten Seabird-39 temperature loggers clamped to a wire at depths from 10-200 meters above the bottom (vertical locations indicated at left). Data were sampled every two minutes.
[8] The second mooring was deployed by the Applied Physics Laboratory at the University of Washington (APL/ UW) on July 2, 2010, one month before the end of the UH-ACO record, and recovered about 9 months later on April 2, 2011. A 2-day gap resulted Oct 11-13 while it was turned around. This mooring also had ten Seabird-39's measurements clamped to a vertical wire, but extended further upward from the bottom with greater (50 m) instrument spacing (instrument locations given at right). Sampling was every three minutes.
[9] All instruments were calibrated prior to and following the deployments. Drift for all sensors based on the before/ after calibrations was <2 × 10 −4°C . Potential temperature was computed using the mean pressure for each instrument, and an assumed constant salinity of 34.69 psu. Mooring knockdown, measured via pressure sensors near the top of each mooring, was much too small to affect our results.
[10] Additionally, for the first portion of the APL-UW record, a 6000-m-rated Flowquest 75-KHz ADCP manufactured by Linkquest, Inc. was deployed looking upward past the thermistors from 40 meters above the bottom (Figure 1 , top right). It functioned until Oct 11, when it was recovered and not redeployed owing to deformation of its transducer faces associated with the deep deployment. The instrument measured velocity in 16-m depth bins with ten pings in rapid succession each ten minutes, which were averaged together to form ensembles. With narrowband pings, the instrument attained ranges of up to 600-700 m, remarkable given the weak scattering strength, but at a cost of relatively high noise. RMS noise for each ensemble ranged from 6-12 cm/s, increasing with range.
Cold Overflow Events

Overview
[11] The time series from the two moorings, plotted at bottom in Figure 1 , show substantial variability in nearbottom temperature, including two major bottom-intensified cold overflow episodes during 21 months of the UH-ACO mooring, a third one in September 2010 at the APL/UW mooring, and a warm event in November 2010.
[12] All three cold events had drops in temperature of ≈0.015°C, but differed significantly in their vertical extent and timescales. The maximum cold anomaly during the first event (February 2009) occurred within one day, subsequently exhibiting strong oscillations of comparable magnitude with a warming trend that returned temperatures to pre-event levels within a month. The second event (mid-September 2009) developed over 30 days with three step-like decreases. Temperatures slowly returned to preevent levels over the following 9 months. The third event, which occurred while the ADCP was sampling, occurred and recovered quickly, and extended much higher in the water column than either of the first two events, which were <200 m thick. It will be discussed in detail below.
The September-October 2010 Event
[13] The period of the ADCP deployment (June-Oct 2010) culminated in the third cold event. Figure 2 shows a zoom-in of temperature (top), plotted as time series at each depth. The event occurred in two pulses separated by about two weeks. In each, the coldest signals arrive first at the deepest sensors. Temperature showed variability on a variety of timescales, including that of the events; this will be examined in detail in frequency spectra below.
[14] The event was also captured in two full-depth profiles taken on HOT cruise 226 on October 3 and 5 (Figure 3a , black). Relative to all other cruises in the last three years (gray), the event stands out as an anomaly <−0.15°C extending >500 meters above the bottom. Though events of similar vertical extent were observed in the early parts of the HOT record (L01), recent events have been more vertically compact, such as the two observed in the ACO moored record (Figure 1 ).
[15] Mean abyssal stratification at station ALOHA (Figure 3b ) is weak, only about a factor of two above the semidiurnal tidal frequency. The fall 2010 events (black) increased the stratification near 4100 m relative to typical conditions, but did not substantially alter it below that.
[16] Velocity prior to and during the event is examined during four periods, indicated in colors at upper right in Figure 1 . Vectors of velocity averaged from 4100 m to the sill depth are plotted on the map in Figure 1 , while profiles are shown in Figure 3c . Velocity prior to the event was weak and variable, with depth-mean signals about 1-3 cms −1 and a mean of about 1 cms −1 toward the southwest (map, blue arrow). We then focus on the zoom-in period (Figures 2b  and 2c ), which also shows the same averaging periods. During the onset of the first stage of the event (green), lowfrequency flow increased slightly but maintained direction. Between the pulses, flow veered to the northwest (red), before intensifying and returning to the southwest during the second phase. The strongest velocities (≈10 cms −1 ; magenta) observed during the record occurred during this period from October 2-October 10. Assuming this flow extends over 500 m in the vertical and 10 km in the horizontal (the approximate width of the channel bounded by the 4625-m isobath; see Figure 1 ), the transport would be 0.5 Sv, similar to inferences made by L01.
[17] Velocity on all timescales showed a marked decrease approaching the bottom, as evident in the time series and demonstrated by profiles of velocity averaged over each period (Figure 3c ). Velocity at all times decreases to nearly zero below the sill depth (dashed), likely due to blocking. [18] The flow was substantially sheared. Since shear estimates from the ADCP are noisy, the mean velocity profiles are smoothed over 200 m (Figure 3c , dashed) and their shear computed. Profiles of time-mean shear magnitude from each period are plotted in Figure 3b . During the second phase of the overflow (magenta), shear exceeded stratification over a broad vertical extent. The resulting Richardson number Ri ≡ N 2 /S 2 dropped below 1/2, approaching the value of 1/4 necessary for shear instability in steady parallel flows [Miles, 1961; Howard, 1961] . Hence, the low-frequency flow of the event itself was nearly unstable to shear instability. This estimate is an upper bound on Ri since it is 1) smoothed over 200 m, and 2) averaged over 6 days and hence does not include any internal wave shear. Inclusion of these would lower it substantially, increasing the potential for shear instability and turbulence.
Mixing
[19] On October 5, temperature from four of the sensors became nearly homogenized, and remained so for about 14 hours (Figure 2, inset) . The timescale could be advective, in which case the event could be interpreted as a mixed patch of fluid about 4 km long advected past the mooring at the observed ≈0.07 m/s. However, since this duration is of the same order as the buoyancy period over which statically unstable water would restratify, and it followed a period of strongly unstable shear, the region is interpreted as a strong turbulent event associated with shear instability of the overflow.
[20] In spite of the coarse vertical resolution, an estimate can be made of the diffusivity resulting from the event, following Levine and Boyd [2006] , by assuming it is a turbulent patch extending from the bottom to the uppermost sensor where homogenous water was observed, 240 m from the bottom. Assuming the statistics of overturns are similar to those observed elsewhere, this can be related to the RMS Thorpe scale, which together with the background stratification gives an estimate of dissipation, = 0.64L T 2 N 3 , that generally agrees well with directly-measured microstructure [Thorpe, 1977; Dillon, 1982] . Our poor vertical resolution does not directly allow calculation of the Thorpe scale, but rather the overall extent of the patch, L P . Statistics of overturns in the thermocline imply a Thorpe scale about 1/3 of the patch size [Moum, 1996] , giving L T = 1 3 L P = 80 m. Though Moum's calculation was for substantially smaller overturns, similarly large overturns recently observed in Luzon Strait by [Alford et al., 2011] showed the same relationship (J. MacKinnon, personal communication, 2011) .
[21] Dissipation can then be related to a diffusivity, K r = (0.2)(0.64)L T 2 N, assuming a mixing efficiency of 0.2 [Osborn, 1980] . Assuming L T = 80 m, N = 2.3 × 10 −4 rads −1 gives values of = 5 × 10 −8 Wkg −1 and K r = 2 × 10 −1 m 2 s −1 , similar to values estimated in the Romanche fracture zone [Ferron et al., 1998 ]. Estimating the 5% and 95% limits of the distribution of L T /L P from Moum [1996] , we then obtain confidence intervals on our K r estimate of {0.23, 2.25} of our estimate -spanning just over an order of magnitude.
[22] No such energetic event occurred at any other time during the entire duration of the moored records. Inversions 30-40 m thick persisting 1-2 buoyancy periods were seen fairly regularly at different depths in the ACO-UH record (not shown), which were likely also turbulent events similar to but much smaller than this one. None approached the size of this one, suggesting the mixing of the flow is extremely intermittent.
Internal Waves
[23] Internal waves at ALOHA are evident as highfrequency fluctuations in temperature and velocity (Figure 2 ). These are examined next at three depths via their frequency spectrum (Figure 4) . The rotary spectrum of velocity Figure 3b . The horizontal dashed line in all three panels is the estimated sill depth. [Mooers, 1970; Gonella, 1972] is computed as the sine multitaper spectrum [Riedel and Sidorenko, 1995] of complex velocity, u + iv. For temperature, fluctuations are first expressed as vertical displacement h = (z, t)/ z (t, z). Vertical gradient z is computed from the thermistor data and smoothed over 30 days, a balance that includes lowfrequency modulations but avoids spuriously large displacements during short-lived periods of weak gradient.
[24] For both, the spectrum is computed using 8 tapers and then smoothed over even intervals in log frequency to improve stability. The 95% confidence limits of each spectral estimate is indicated at the bottom of each panel. The Garrett and Munk [1975] model spectrum, as modified by Cairns and Williams [1976] , here called GM76, is overplotted in each panel with a dashed line. Internal waves are expected only for frequencies f < w < N (dashed), here a relatively narrow band less than a decade wide.
[25] The displacement spectra at 4250 and 4400 m (Figure 4b) show a break in the spectral slope slightly above the buoyancy frequency, as has been observed before [e.g., Pinkel, 1975] . Both the velocity and displacement spectra show prominent peaks just above the near-inertial frequency and at the semidiurnal tidal frequency. For displacement, the continuum between f and N is within a factor of two of GM76 at all depths.
[26] For velocity (Figure 4a ), noise appears at 4600 and 4400 m as a white spectrum consistent with about 6 cm/s RMS, increasing by a factor of two at 4250 m owing to the greater range from the transducers. Noise essentially obscures the continuum part of the spectrum. However, clear near-inertial and tidal peaks appear above the noise for the upper two spectra, with clockwise polarized motions (thick) exceeding counterclockwise motions as expected for linear internal waves in the northern hemisphere [Leaman and Sanford, 1975] . Low-frequency flows are more rectilinear, as evidenced by closer equipartition between the clockwise and counterclockwise components.
[27] At all frequencies that are not affected by noise, the spectrum of both velocity and displacement decrease markedly below the sill depth (red) relative to those above it (blue and green). Evidently, the surrounding sills of the Kauai basin shelter it from internal waves as well as most lower-frequency motions. The continuum does not decrease as much as the near-inertial and internal tide peaks, consistent with the smaller horizontal scales of these higherfrequency motions allowing them to propagate down into the basin.
Discussion
[28] The higher time resolution of these observations, and their inclusion of velocity, give a clearer picture of the cold events at ALOHA than before. Observation of westward velocity before and during the September-October 2010 event strongly suggests that the events originate from the Mauii Deep, as originally thought by L01.
[29] Though the westward velocities at low frequency are likely laterally coherent, it is unknown if they are representative of the flows near the sill to the east -preventing too much speculation on their cause. Whatever led to the events, once the flow transits the sill, it would spill over and flow down the slope into the Kauai basin as a gravity current. The observation of weaker flow beneath the sill depth suggests that this flow does not pass the mooring, but rather fills the Kauai basin from beneath. The onset of the events at the deepest sensors in all cases supports this interpretation.
[30] As the filling proceeds, the interface and its intersection with the moorings on the northern slope of the basin could be modulated and tilted by seiching processes (L01), which may explain the multiple pulses seen in the February 2009 and September-October 2010 events. The dynamics of the westward pulses that transit the sill into the Kauai basin are still unknown, but could be due to first-mode Rossby waves as suggested by L01.
[31] L01 estimated a diffusivity K r ≈ 10 −3 m 2 s −1 assuming that cold events erode away by downward diffusion of heat. Their results were significantly time-dependent, but in general agreement with estimates from Thorpe analysis of CTD profiles from 15 HOT cruises [Finnigan et al., 2002] . Frequency spectrum of displacement computed from temperature and observed slowly-varying temperature gradient. All spectra are computed using the sine multitaper method, and smoothed over even intervals in log frequency to increase stability. 95% confidence limits, important frequencies, and the GarrettMunk (GM76) spectrum (heavy dashed) are indicated.
Our observations of weak lateral flow beneath the sill support use of such a one-dimensional model. On the other hand, the observation of a single energetic overturning event following the period of strongest overflow, together with very low Richardson numbers, suggests that the flows themselves are very turbulent. However, the magnitude of the turbulence appears extremely variable. If only large events such as the one on Oct 5 were to accomplish all of the mixing, one would be required about 1% of the time -more than observed in our record. Additionally, the time evolution of the temperature field would presumably be quite sudden if mixing were this episodic.
[32] The balance may be provided by more common and more moderate events driven by breaking of the internal wave field. The internal-wave continuum is at the GM76 level, suggesting that fine-scale parameterizations [Gregg et al., 2003; Kunze et al., 2006] would give weak mixing rates. However, direct breaking of the energetic internal tide and near-inertial motions likely contribute, as found at other deep sites by Klymak et al. [2007] , Toole [2007] , and Alford [2010] .
[33] Finally, hydraulic processes in the overflow itself, which appear to occur at another location, may provide a substantial amount of the energy for mixing. Resolution of these issues would require concurrent long-term measurements closer to and at the sill, ideally with better vertical resolution and higher quality velocity measurements.
